Hospital-We have surveyed periodical medical examinations for pest and termite control operators ( n = 6 4 ) e x p o s e d t o c h l o r p y r i f o s a n d o t h e r organophosphate pesticides. Distribution of serum butyrylcholinesterase (BuChE) activities of all workers ranged 0.01-1.18 (∆pH). Serum BuChE activities in 6 workers in one termite control company were severely depressed and ranged from 0.01 to 0.21 ∆pH. Erythrocyte acetylcholinesterase (AChE) activities in 3 workers were lower than the normal range. Erythrocyte AChE activities and serum BuChE acitivities in chlorpyrifos sprayers were significantly correlated (r=0.720). In other clinical signs, blood urine nitrogen (BUN) in 4 workers and white blood cell (WBC) counts in 4 workers were abnormal. Sensory nerve conduction velocities in the sural nerve of all 6 workers were significantly reduced to 18.8-26.6 m/s in the left leg and 19.2-27.2 m/s in the right leg. In the results of ophthalmic examinations, accommodation time (both eyes) in 4 workers extended over the normal range and electroretinography (ERG) in 2 workers showed abnormal ERG including disappearance of oscillatory potential. Chlorpyrifos residue in blood in 4 operators whose serum BuChE activities ranged from 0.01 to 0.03 ∆pH were detected in the range 2-8 ng/ml. They had sprayed chlorpyrifos daily for 5 d before every blood sampling. It is suggested that serum BuChE activity and sensory nerve conduction velocity are sensitive
Chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2-pyridyl-
phosphorothioate, chlorpyrifos ethyl, Dursban) is a chlorinated organophosphate insecticide that is widely used for pest control throughout the world. Approximately 21 to 24 million pounds are used annually in the U.S., of which approximately 11 million pounds are applied in non-agricultural settings. Seventy percent of the urban chlorpyrifos is estimated to be used for termite control 1) . Previously, chlordane, one of the organochlorine insecticides, had been used for termite control in Japan, but it was prohibited for use in termite control in 1986 by reason of the environmental pollution and bioaccumulation 2, 3) . Chlorpyrifos began to be used mainly for termite control instead of chlordane. After the switch to chlorpyrifos, there have been some reports about exposure to chlorpyrifos, inhibition of cholinesterase (ChE) activity, and subjective symptoms among termite control operators (TCOs) [4] [5] [6] [7] [8] [9] . The U.S. Environmental Protection Agency (EPA) recently started to evaluate pesticide safety in the light of potential aggregate exposures by both the non-dietary and dietary routes in accordance with the Food Quality Protection Act of 1996 1) . Davis reported greater health risks to children caused by exposure to indoor spraying of chlorpyrifos 10) . Other researchers have reported potential health risks such as birth defects 11) and immunologic abnormalities 12) . The U.S. EPA and the manufacturer of chlorpyrifos have agreed to halt its manufacture for nearly all residential use by December 2000. Phase-out of its use for termite control in buildings other than homes or areas where children could be exposed is slated for the end of 2001, and phase-out of termiticide use on new construction by the end of 2004 unless new information becomes available which shows that this use could safely continue 13) . Now in Japan, there is similar reaction to the use of chlorpyrifos for termite control.
Assessing human health in TCOs is very important in evaluating chlorpyrifos exposure, because they were exposed occupationally to a large amount of chlorpyrifos, and these data could be extrapolated to assess the health hazards at lower exposure levels, but there are few reports about occupational exposure and the impact on the health of TCOs from chlorpyrifos [4] [5] [6] [7] [8] [9] . Therefore, we surveyed subjective symptoms, serum and erythrocyte ChE activities, insectiside spraying conditions, residual chlorpyrifos blood levels, and also conducted biochemical, neurological and ophthalmic examinations among the pest and termite control operators.
Subjects and Methods

Subjects
We retrospectively surveyed the results of medical examinations of 64 male termite and pest control operators (aged 21-60 yr) in 9 companies, who have been annually health-checked at Asahi Rosai Hospital. The subjects included 12 termite control operators in 2 companies who sprayed chlorpyrifos; 39 pest and termite control operators in 5 firms who sprayed chlorpyrifos and pyridaphenthion for termite control, and fenitrothion (sumithion), dichlorvos, fenthion and chlorpyrifos methyl for pest control; and 13 pest control operators in 2 companies (Table 1) .
Questionnaire
In this study, we used a self-administerated questionnaire that contained 90 questions about subjective symptoms and the conditions for spraying pesticides which covered the annual amounts of each type of pesticide formulation, spraying days per month, and a weekly record of spraying time before the medical examination. The questionnaire on subjective symptoms requested information on acute or sub-acute cholinergic symptoms and effects on the nervous system.
Health examination
Physical examinations, hematological parameters, and serum biochemical examinations were conducted.
Determination of cholinesterase activities
We collected blood samples from subjects in the morning and measured serum BuChE activities by the ∆pH method 14) and erythrocyte AChE activities by the DTNB method 15) .
Determination of organophosphorus pesticide residues in the blood
Blood was mixed with water and extracted twice with acetone-hexane (1:9). The extract was dried with anhydride sodium sulfate and evaporated in vacuo. The residue was dissolved in acetone and analyzed in a gas chromatograph (GC) equipped with a flame photometric detector (P mode). GC condition: column 2% OV101/ Chromosorb W HP 100/120 mesh, 2 mm id × 1 m. Carrier gas: nitrogen, 10 ml/min; column temperature: 150°C (for 1 min) 6°C/min 240°C.
Neurological and ophthalmological examinations
Six termite control operators whose serum BuChE activities were severely depressed, were examined neurologically and ophthalmologically. The examinations included electroencephalography (EEG), peripheral nerve conduction velocity, and ophthalmic testing of visual acuity, color sensation, critical flicker frequency, accommodation time, and electroretinography (ERG).
Results
Distribution of serum BuChE activities and annual amounts of insecticides sprayed by each pest and termite control company are shown in Table 1 . Workers in companies A and B are professional termite control operators (TCOs). Those in companies C to G are pest and termite control operators. Workers in company A sprayed great amounts of 40% emulsion 298 liters/yr and 1% oil formulation 1304 liters/yr of chlorpyrifos for termite control annually. Serum BuChE activities of all workers ranged 0.01-1.18 (∆pH). The levels of 14 workers in 4 companies (A, B, C, D) were below 0.5 ∆pH, which is below the normal range.
A comparison of subjective symptoms in the workers whose serum BuChE activities were above or below 0.5 ∆pH is shown in Table 2 . A high incidence of eye irritation, coughing and sneezing during spraying, severe fatigue after spraying were observed in the workers with BuChE activities below 0.5 ∆pH, but the incidence of these symptoms was not statistically significant in comparison with that in the group whose serum ChE activity was found to be 0.5 ∆pH or over by chi-square test.
The relationship between serum and erythrocyte ChE activities in all pest and termite control operators is shown in Fig. 1 . The coefficient of correlation between them was 0.419. To clarify the inhibition of ChE activities due to chlorpyrifos exposure, further analysis was made on the termite control operators who sprayed only chlorpyrifos within the last one month (n=16). The coefficient of correlation increased to 0.720. In Fig. 2 , linear regression analysis was performed to determine the degree of linear association between serum BuChE and erythrocyte AChE. Log transformed serum BuChE was closely associated with erythrocyte AChE (R 2 =0.791, p<0.01). In 3 workers whose serum BuChE activities were below 0.1 ∆pH, the erythrocyte AChE activities were depressed to below 1.5.
In the group whose serum BuChE activities were severely depressed, we chose six workers engaged in one termite control company for detailed medical examinations. Table 3 shows the spraying conditions and sprayer characteristics. The mean age of the sprayers was 25.8 yr, and the current job duration was 2-3 yr.
They had sprayed great amounts of chlorpyrifos for termite control annually. Their mean working d/month and mean working h/d were 22.0 and 2.7, respectively. Their job was to spray chlorpyrifos every day in the busy season. Table 4 gives the results of blood tests on 6 workers. Their serum BuChE activities ranged from 0.01 to 0.21 ∆pH. Erythrocyte AChE activities in 3 workers were lower than the normal range (1.5 ). Blood urine nitrogen (BUN) of 4 workers and the white blood cell count (WBC) in the blood of 4 workers were abnormal. Other blood biochemical data were within normal range. Chlorpyrifos residue in blood was 2-8 ng/ml in 4 operators whose serum BuChE activities ranged from 0.01 to 0.03 ∆pH. They had sprayed only chlorpyrifos daily for 5 days before every blood sampling. Table 5 shows the results of electroencephalography (EEG) and peripheral nerve conduction velocity (motor conduction velocity and sensory conduction velocity). All EEGs were within normal limits. Motor nerve conduction velocities were nearly all within the normal range except those in the tibial nerve of two workers. The sensory nerve conduction velocity in the sural nerve was significantly reduced to 18.8-26.6 m/s in the left leg and 19.2-27.2 m/s in the right leg in all 6 workers (normal range: 34-49 m/s).
The results of ophthalmic examinations are shown in Table 6 . Visual acuity, color sensation and critical flicker frequency were within the normal range, but accommodation time (both eyes) in 4 workers was beyond normal (under 4 sec), and electroretinography (ERG) in 2 workers showed abnormal ERG, that is disappearance of oscillatory potential. levels in termite control operators due to exposure to chlorpyrifos 6, 7, 9) . In our survey, serum BuChE activities were severely depressed to below 0.21 ∆pH in six termite control operators, who worked for the same company and sprayed great amounts of chlorpyrifos. Three of these workers show depression of erythrocyte AChE activity. We supposed this was due to the severe exposure to chlorpyrifos from applying it in the same way as chlordane, which did not inhibit AChE activity and was less acutely toxic than chlorpyrifos. The risk potential of chlorpyrifos application therefore paradoxically increased for TCOs compared to chlordane application 16) . Although the workers with depressed serum BuChE activities had such symptoms as eye irritation, coughing and sneezing during spraying, and severe fatigue after spraying, they had no severe acute symptoms. Jitsunari et al. and Ueda et al. also reported that the TCOs with the lowest serum cholinesterase activities exhibited no subjective symptoms at the time 8, 9) . Asakawa et al. 6) reported that the ambient concentration of chlorpyrifos in the breathing zone was about 10 times higher (1.7-2.3 mg/m 3 ) in case of the application of 1% emulsion under the floor of a residence than the thresholdlimit value (0.2 mg/m 3 ) proposed by the ACGIH 17) . The lowest level of serum cholinesterase sprayed during the busy season for termite control was less than 10% of the pre-season values. Chlorpyrifos application induced a severe depression in the serum ChE of sprayers, but no marked subjective or objective abnormalities were found.
Fig. 1. Relationship between serum and erythrocyte cholinesterase activities (n=64).
BuChE, butyrylcholinesterase; AChE, acetylcholinesterase.
Fig. 2.
Relationship between serum and erythrocyte cholinesterase activities in termite control operators who had sprayed chlorpyrifos within the last month (n=16). BuChE, butyrylcholinesterase; AChE, acetylcholinesterase.
Discussion
When the switch was first made from chlordane to chlorpyrifos for termite control by means of the same application manner and method, some reports were published on the depression of serum or plasma ChE Nolan et al. reported that human volunteers who were given a single 0.5 mg/kg p.o. of chlorpyrifos were depressed to 15% of the predose level of serum ChE, and that the erythrocyte AChE level was not changed 18) . Griffin et al. administered 1 mg of chlorpyrifos to 5 human volunteers 19) , and the blood plasma and erythrocyte ChE activity did not fall significantly during the regimen. ACGIH indicated that 70% of the normal erythrocyte AChE level is the critical point 17) , but chlorpyrifos, diazinon, malathion and dichlorvos preferentially inhibit plasma ChE in man rather than erythrocyte AChE 21) . In our study, serum BuChE in 6 workers was severely depressed ( 0.21 ∆pH). Among them, three workers with lower 0.1 ∆pH serum BuChE activity had below the normal level of erythrocyte AChE. Figure 2 shows that a decrease in erythrocyte AChE activity was observed when serum BuChE activity was severely depressed. Human plasma ChE is more sensitive to inhibition than AChE such as brain AChE 1) . It has been suggested that the decrease in erythrocyte AChE follows severe and continuous depression of serum ChE. Chen et al. reported that erythrocyte AChE activity was 12-to 14-fold more sensitive as an indicator of chlorpyrifos exposure than AChE in the most sensitive relevant neurological tissues, and that inhibition was an appropriate surrogate measure of chlorpyrifos exposure 20) . Nevertheless, we showed that sensory nerve conduction velocity in the sural nerve was significantly reduced in both legs in all 6 workers in spite of slight depression of erythrocyte AChE activities or in the normal range. Therefore, serum BuChE activity is more useful than erythrocyte AChE activity in assessing the exposure level and the effects of chlorpyrifos on health.
Blood chlorpyrifos concentrations were 2-8 ng/ml in 4 workers whose serum BuChE activities ranged from 0.01 to 0.03 ∆pH. They had sprayed chlorpyrifos for 5 to 6 working days before the blood sampling. The detection of organophosphate pesticides in the blood is difficult because it is metabolized rapidly, but one can detect traces of organophosphate pesticide only when sprayed repeatedly during the busy season. From medical examinations conducted in the busy season, we could detect trace level of chlorpyrifos or fenitrothion in the blood of 27 of 55 workers who sprayed until the day before the examination, 6 of 16 workers who sprayed until 2 d before the examination and no trace levels in 15 workers until 3 d before (unpublished data). Fournier et al. showed that the identification of organophosphate pesticides in the blood is difficult beyond 48 h after exposure 22) . Fenitrothion residues in the serum of apple orchard applicators were 13-20 ng/ml after spraying, but were not detected the next morning 23) . Sunaga et al. showed that the blood chlorpyrifos concentration (0.93 nmole/l) the next morning was 1/7 of that (6.6 nmole/l) immediately after spraying 5) . Asakawa et al. also showed that the plasma chlorpyrifos concentrations of 2 TCOs were 0.87 and 4.73 ng/g postwork 6) . Therefore, the weak depression of erythrocyte AChE and the detection of chlorpyrifos in the blood is a possible sign of severe exposure to chlorpyrifos.
Savage et al. 23) and Engel et al. 24) reported that workers exposed to low levels of organophosphate did not show significant neurophysiological differences. Misra et al. showed significantly (p<0.01) reduced motor conduction velocities and prolonged terminal motor latencies in the peroneal nerves of workers exposed to fenthion for a mean duration of 8.5 yr 25) . Their plasma ChE activity levels were depressed, but there was no clinical evidence of neuropathy, as in our results. Kaplan et al. reported peripheral neuropathy and CNS dysfunction in 8 workers exposed to chlorpyrifos, and they concluded that chlorpyrifos should be used with caution 26) . Therefore, the measurement of peripheral nerve conduction velocity, especially sensory nerve conduction velocity in the sural nerve, may be useful for assessing the effects of exposure to chlorpyrifos on human health.
Engel et al. reported that a change in EEGs was observed on severe acute poisoning by organophosphate pesticide 24) . In our survey, we could not find this change. It is possible that the workers had no typical signs and symptoms of acute poisoning due to chlorpyrifos.
In the ophthalmic examinations, the accommodation time for 4 of 6 workers was over the normal range, and the electroretinography (ERG) results for 2 of 6 workers were abnormal. Yoshikawa et al. found that ERG caused a 50% decrease in the A or B wave after injecting 0.05 mmol (18 mg)/kg chlorpyrifos intraperitoneally 27) . They also surveyed 8 pest and termite operators, and detected urinary metabolite diethyl phosphate and ERG changes in one operator who had low plasma and erythrocyte ChE activities 28) . In our survey, similar abnormal ERG was observed in 2 of 6 workers who had severely depressed serum BuChE levels. Therefore, the abnormal ERG might be due to severe exposure to chlorpyrifos. In summary, our medical examination of termite control operators showed adverse health effects such as severe depression of serum BuChE activity, reduction of sensory nerve conduction velocity, and remarkable disappearance of ERG resulting from repeated exposure to chlorpyrifos. Depression of erythrocyte AChE activity was accompanied by severe depression of serum BuChE activity, but they had no obvious subjective symptoms of poisoning by organophosphate. Therefore, periodical medical checkups are needed to protect the health of these workers. The measurements of peripheral nerve conduction velocity, ERG, and accommodation time may possibly be useful as well as that of serum BuChE activity.
